Submicron scaled, one-dimensional-like columnar structure of permalloy (Ni 80 Fe 20 ) films can be selfassembled during epitaxial growth. Two key factors operating in the formation and control of the columnar structure of permalloy films have been verified. The aspect-ratio of the permalloy columnar structure can be tuned by the growth temperature. This in turn makes it possible to manipulate the coercivity and magnetic anisotropy of the permalloy films.
Bulk permalloy (PyϭNi 80 Fe 20 ) is known as a material with high permeability, low coercivity, and small magnetic anisotropy.
1,2 Py-related thin films have attracted considerable interest in recent years both for basic research and magnetic recording technology. For instance, Py-based thin films utilizing the anisotropic magnetoresistance effect have been employed in a magnetoresistive read head. 3, 4 Py-related multilayer 5, 6 and spin-valve 7, 8 structures have attracted much attention due to the discovery of giant magnetoresistance phenomena with low saturation field, which can be applied for advanced magnetic read heads and sensors. Therefore, understanding and control of the microstructure and magnetic behavior of Py films are of importance both from fundamental research and technological application point of views.
In this paper, we report an interesting finding that submicron scaled, one-dimensional ͑1D͒-like columnar structure in Py films can be self-assembled during epitaxy. Typical atomic-force microscope ͑AFM͒ images of the 1D-like columnar structures ͑stripes͒ of Py films are provided in Figs. 1͑a͒-1͑d͒. These AFM images were taken immediately after the growth of Py films at various growth temperatures. Rather uniform columnar structures ͑stripes͒ were formed with a long axis directed along a specific crystalline direction. We have identified two key factors operating in the formation and control of the columnar structure in the Py films. The first key factor is the growth of twin structure of the Py͑211͒ layer that defines a diffusion anisotropy along and perpendicular to the twin boundary. The second key factor relating to the control of the 1D-like columnar structure is the growth temperature (T g ) of the Py layer. The aspect-ratio of these Py columnar structures can be tuned by growth temperature, which in turn makes it possible to control the coercivity and magnetic anisotropy of the Py films.
The crystal growth was carried out in a Vacuum-Productmade molecular-beam-epitaxy ͑MBE͒ system with a base pressure of about 2ϫ10 Ϫ10 torr. This MBE chamber allowed sample transfer under UHV conditions to an analysis chamber for further AFM study. 13 The growth pressure of the permalloy layer was controlled below 5ϫ10 Ϫ9 torr, and the deposition rate at ϳ0.1 Å/s. The Py͑300 Å͒ layer was grown at 80-550°C on a 200-Å-thick Mo͑211͒ seeding layer on epitaxial-grade Al 2 O 3 ͑1-100͒ substrate. The surface structure and morphology of the Py films were characterized by reflection high-energy electron diffraction ͑RHEED͒ and AFM. The bulk crystal quality was analyzed by x-ray diffraction ͑XRD͒ using synchrotron radiation light source. Angulardependent magneto-optical Kerr effect ͑MOKE͒ was employed to study the correlation of the magnetism and crystal structure of the Py films.
The first key factor related to the formation of the Py columnar structure is the growth of twins in the Py͑211͒ layer. In a previous work, 9 we reported the growth of metastable hcp permalloy layer ͓on bcc Cr͑211͒ seeding layer͔, and its phase-transformation process ͓from hcp Py͑1-100͒ to fcc Py͑211͔͒. For the present study, permalloy films were grown on a 200-ÅMo͑211͒ seeding layer on a Al 2 O 3 ͑1-100͒ substrate. Due to the lattice mismatch ͑ϳ9% in two principle directions͒ between the hcp Py͑1-100͒ and Mo͑211͒ unit cells, the hcp Py phase cannot sustain for more than one monolayer and then abruptly transform to a fcc͑211͒ twin structure.
By XRD measurements, we have confirmed the 3D epitaxial relations of the fcc-Py͑211͒, bcc-Mo͑211͒, and Al 2 O 3 ͑1-100͒ substrate as the following: 
The twinned structure of the Py͑211͒ layer was confirmed by detailed ͑h, k, l͒ x-ray scans illustrated in Fig. 2͑a͒ . For discussion convenience, a tetragonal unit cell for Py film was chosen here from the fcc crystal by a coordination transformation in reciprocal space: (100) h ϭ( 1 11 Fig. 2͑a͒ . Evidence of the twinned structure in Py was found with the h scan from Ϫ2 to 2 with kϭ0 and lϭ1 in reciprocal lattice unit ͑r,l,u͒, as shown by the dashed line in Fig. 2͑a͒ . If the Py films were single crystalline, four reciprocal peaks, i.e., (31 1 ), ͑200͒, ͑111͒, and ͑022͒, should be observed. However, the x-ray scan displayed eight reciprocal peaks with a mirror symmetry along the Py ͑211͒ and (01 1) plane, as shown for example in Fig. 2͑b͒ . The two-sets of reciprocal peaks ͓indexed as A and B in Fig. 2͑b͔͒ are resulting from the twinned structure with Py(1 11) and Py(11 1 ) parallel to the underlying Mo͓01 1͔ ( ʈ Al 2 O 3 ͓112 0͔) direction, respectively. Note that the direct growth of Py films on Al 2 O 3 (11 00) substrate results in a textured Py͑111͒ structure and isotropic grains morphology. 10 The ͑pure͒ Py͑211͒ twinned phase with columnar structure can be stabilized for Mo thickness larger than about 50 Å at which the Mo layer formed a continued film. 10 The bcc Mo͑211͒ plane provides better matches of unit-cell symmetry ͑twofold͒ and atomic density ͑ϳ20% mismatch͒ for the growth of fcc Py͑211͒ than for any other fcc Py planes. The easy formation of twinned structure in Py͑211͒ is likely related to the low stacking-fault energy of twins, which can readily reduce the interfacial energy caused by large lattice mismatch ͑35%͒ along the Py͓1 11͔( ʈ Mo͓01 1͔) direction ͑the lattice mismatch is about Ϫ9% along the Py͓01 1͔ ʈ Mo͓1 11͔ direction͒. It is known the fcc twinned structure is often equivalent to stacking faults 11 along the close-packed ͑111͒ direction, which is easily formed in the fcc crystals. In addition, due to the random stacking sequence of distinct fcc nucleation sites during film growth, the probability of formation A or B stacking sequence is nearly equal, as revealed for example by Fig. 2͑b͒ . From the width of these diffraction peaks, we can further estimate the coherence length corresponding to the average distance of the stacking faults in the Py layer. The coherence lengths are of 30-38 Å for growth temperature range of 80-550°C. The coherence length slightly increases with the increasing of growth temperature, which could be due to the easy motion of dislocations at elevated temperature.
The rather diffuse component under the reciprocal peaks between the A(200) and B(3 11) indicates a disorder characteristic of these stacking faults. We also did some transverse scans across the lϭ1, kϭ0 with various h ͑e.g., h ϭ0,ϩ1,Ϫ1) values reflections along l, k directions, where only the diffuse components are of importance. The scans at these diffuse components all result in sharp peaks, indicating that the diffuse component along the h direction is actually a sharp reciprocal lattice rod. The scans around (31 1 ), ͑200͒, ͑111͒, and ͑022͒ positions show that these diffraction peaks are oblate in shape with the elongation direction along the close-packed (fcc͓1 11͔ or ͓11 1 ͔) direction. The results suggest that the crystal disorder of Py film is only along onedimensional which is exactly parallel to the stacking fault ͑close-packed͒ direction, and it is well ordered in the other two perpendicular directions. Note that the twinned structure of the Py͑211͒ layer in turn results in a diffusion anisotropy along and across the twin boundary. The stacking-fault (SF, ʈ Py͓1 11 ͔) and twin boundary (TB, ʈ Py͓01 1͔) direction forms a slow and fast diffusion direction, respectively. This is likely due to a smaller diffusion energy barrier along the TB than that across the TB, as discussed more in the following section.
The second key factor relating to the control of the 1D-like columnar structure is the growth temperature (T g ) of the Py layer. While the twin structure of the Py layer determines the diffusion anisotropy and thus the formation of a colum- nar structure, the growth temperature controls the shape anisotropy ͑i.e., aspect-ratio͒ of the columnar structure in the Py layer. Figures 3͑a͒-3͑h͒ show the RHEED images of Py͑300 Å͒ films grown at various substrate temperatures on 200-Å-thick Mo͑211͒ template. For the RHEED beam directed along the TB direction ͓Figs. 3͑a͒, 3͑c͒, 3͑e͒, and 3͑f͔͒ symmetric, tilted streaks were observed. In contrast, spotty RHEED patterns were found for e-beam directed along the SF( ʈ Py͓1 11͔) direction ͓Figs. 3͑a͒, 3͑c͒, 3͑e͒, and 3͑f͔͒. The RHEED studies confirm the growth of symmetric ͑111͒ facets of the Py͑211͒ layer. Although the average growth plane was Py͑211͒, the actual growing surfaces were the Py͑111͒ facets inclined at about Ϯ19°from the ͑211͒ plane. The formation of symmetric ͑111͒ facets is due to the reduction of surface energy ͓i.e., the surface energy of the fcc͑111͒ plane is much smaller than that of the ͑211͒ plane͔ and the twin structure. The faceting (e-beam ʈ Py͓01 1͔) and spotty (e-beam ʈ Py͓1 11͔) features of the RHEED patterns are due to e-beam reflecting from and penetrating through the facets, respectively. Note that the faceting feature became stronger as the growth temperature increased, accompanying the increasing of average feature height and elongation of the columnar structure observed by AFM, as shown in Fig. 1 . The characteristic size of the columnar structures and average feature height are averaged from several AFM images ͑by careful line scans of about 5-7 images from random selected area of 1 m͒ for each growth temperature. The results are summarized in Table I . The AFM observations also show that the average length along the TB ͑long axis͒ grows much faster than that in the perpendicular SF direction ͑short axis͒ as the substrate temperature increases, indicative of large adatom diffusion anisotropy in the two principal directions. Clearly, the feature of the columnar structure enhanced dramatically as the growth temperature increased. In the following, we employ a simple model to roughly estimate the diffusion anisotropy.
Providing that the average strip length along the long (X l ) and short axis (X s ) is proportional to the diffusion length along the TB and SF directions, respectively. The corresponding diffusion coefficient, D l and D s , can be coarsely estimated from the equation:
, where t d is the diffusion time for Py adatoms. In the film growth processes, the deposition rates ͑R͒ of the Py layer were controlled at about 0.1 Å/s, thus t d ͑inverse proportional to R͒ can be considered as a constant for different growth temperature runs. Consider E l and E s are the activation energy of Py adatom diffusion along the long and short axis, respectively. Based on the relations X l 2 ϳD l ϭD 0 exp(ϪE l /kT g ) and X s 2 ϳD s ϭD 0 exp(ϪE s /k B T g ), and by plotting ln X l and ln X s versus 1/T g ͑see Fig. 4͒ , one can roughly estimate the activation energy as E l ϳ0.30 eV and E s ϳ0.14 eV. The evaluation of the diffusion activation energy done here is definitely oversimplified. Nevertheless, the simple estimation done above gives us a semi-quantitative or, at least, a qualitative understanding of the diffusion anisotropy in this system. The intrinsic anisotropy could favor faster adatom diffusion along the Py͓01 1͔( ʈ Mo͓1 11͔) direction than along the Py͓1 11͔. We believe that the Py͑211͒ surface is somewhat similar to the underlying bcc Mo͑211͒ surface where a faster adatom diffusion along the dimer-row Mo͓1 11͔ is preferred, much similar for example to the case of fcc adatoms ͑Re, Ir͒ diffusion on W͑211͒ surface. 12 Further experiment ͑e.g., by UHV scanning tunnel microscope͒ and detailed modeling are under study and will be reported elsewhere.
Finally, the correlation of structure and magnetic proper- FIG. 3 . RHEED images taken from 300-Å-thick Py͑211͒ layer with growth temperature of ͑a͒, ͑b͒ 80°C, ͑c͒, ͑d͒ 330°C, ͑e͒, ͑f͒ 450°C, and ͑g͒, ͑h͒ 550°C. The RHEED beam was directed along the Py͓01 1͔ for ͑a͒, ͑c͒, ͑e͒, and ͑g͒, and along the Py͓1 11͔ for ͑b͒, ͑d͒, ͑f͒, and ͑h͒. ties of the Py films were studied by angular dependent MOKE shown for example in Figs. 5͑a͒-5͑d͒ . The results show that the hard-axis saturation field ͑thus the magnetic anisotropy for the same magnetic moment͒ of the Py layer increases monotonically with the growth temperature. Interestingly enough, the hard-axis saturation field ͑or magnetic anisotropy͒ scales quite well with the aspect-ratio of the columnar structure, as shown in Table I . Thus, it is suggested that the magnetic anisotropy of the Py films is induced by the columnar structure ͑shape anisotropy͒, the latter in turn strongly affect the diffusion anisotropy mentioned above.
In conclusion, we have successfully prepared and control one-dimensional-like columnar structures of Py films by epitaxial growth. Both the structural and kinetic factors operating in the formation and control of the Py columnar structure have been identified. The aspect-ratio of the Py columnar structure can be tuned by the growth temperature, which in turn strongly affect the magnetic anisotropy of the Py films. This offers us a new pathway to manipulate the magnetic property of permalloy films.
